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 Fluid Catalytic Cracking is a process of great interest in oil refining.  This 
process is governed by the stability and activity of acid sites held within zeolite 
frameworks.  Rare earth exchanged, specifically lanthanum exchanged, zeolite Y 
is known to have increased resistance to framework dealumination.  This study 
examines lanthanum exchanged zeolite Y (Si/Al = 3) through the use of density 
functional theory calculations with the purpose of elucidating the location and 
nature of La species held within the zeolite framework.  This is accomplished 
through calculation of silicon chemical shifts to determine the arrangement of Al 
atoms in the framework.  Followed by stability calculations for the position and 
hydroxide coordination of La(OH)X (X is the number of OH groups and ranges 
from 0 to 2) species at each of the seven unique ion exchange position in zeolite 
Y.  The most stable single La position is found to be at the center of the hexagonal 
prism (site I) as a bare La3+ cation, followed closely by LaOH located atop the 
hexagonal prism (site I’).  Lanthanum clusters of three are not preferred.  
However, La clusters of two inside the sodalite cage are preferred over all other 
lanthanum orientations.  After finding the most stable positions, proton chemical 
shifts were calculated for lanthanum containing structures and compared to 
corresponding deprotonation energies, however, no trend between the two is 
found.  Values of deprotonation energy for H connected to La molecules are too 




Chapter 1:  Introduction 
1.1:  Background of Petroleum Refining: 
Fluid catalytic cracking (FCC) is a prominent process in the refining of 
petroleum oil into gasoline and other products such as light olefins.  In 2014, 
nearly half of all refineries used the FCC process1.  FCC is a process by which 
larger hydrocarbons (from petroleum) are broken down into smaller products such 
as octane, heptane, etc.  This is accomplished using a riser reactor.  This reactor 
has steam and catalyst particles fed concurrently with the oil stream.  The catalyst 
becomes coked and is separated at the top of the reactor and is then sent to a 
regenerator which burns off the coke and sends the catalyst back to the riser 
reactor, and the process repeats.  The products stream is separated into several 
different streams as shown in Figure 12. 
 
Figure 1:  FCC process, courtesy of Penn State University College of Earth and Mineral Sciences2. 
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Commercial production of petroleum was first introduced in 1859 in 
Pennsylvania.  As the need for more gasoline increased, so did the need for a 
better refining process.  Dr. Burton, at Standard Oil of Indiana was the first to 
utilize one such improvement.  He introduced a high pressure and temperature 
process that allowed for the larger molecules to be broken down into more 
suitable species for use in engines.  In following years, some additives were used 
to improve the process.  In 1923, tetraethyl led was added to some of the 
refineries’ processes, but this was not enough.  An aluminum chloride catalyst 
was tested but was economically unrealistic3.  Later in 1940, the first large scale 
plant using a silica-alumina catalyst started production in Paulsboro, New Jersey4.  
In the 1960s and 1970s, zeolite catalysts began their appearance in oil refining 
with the patent of Zeolite Y in 19645.  Today, Zeolite Y is used as the primary 
catalyst in FCC processes to produce gasoline-range molecules.  Zeolites are 
microporous catalysts usually made of mostly silicon and oxygen (see Figure 2.). 
 
Figure 2.  Representation of Zeolite Y.  Each vertex represents a silicon atom and in between each 
Si there is an oxygen atom.  The hole in the center is the supercage and the smaller cages are 
sodalite cages.  (Image courtesy of Dr. F. Handan Tezel)6. 
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Aluminum can replace the silicon to create an active site for molecular 
adsorption, while the pores can restrict larger molecules from certain active sites7.  
Zeolites have greatly improved selectivity and productivity of petroleum refining 
processes8.  Selectivity helps to maintain control over byproducts reducing 
contaminants9.  Along with these benefits, zeolites have some process design 
challenges.  One issue with zeolite catalysts derives from the severe process 
conditions required for Fluid Catalytic Cracking.  The high pressure and 
temperature (reaction around 538 °C and regeneration at 700 °C) causes structural 
collapse to eventually occurs10.  The stability and ability to recover activity 
through regeneration (usually by burning coke) are the determining factors in the 
FCC process, so it is important to resist collapse.  One well-known way to 
improve the resistance to structural damage and to retain activity is by introducing 
rare earth elements (e.g. lanthanum and cerium), thus obtaining rare earth 
exchanged zeolite Y (REY)11. 
1.2 REY:  Stability 
Rare earth exchanged zeolite Y (REY) has increased stability, as shown in the 
mid-1980s, when Li and Rees investigated the effects of temperature on faujasite 
structures and found that Lanthanum exchange increased the temperature required 
to collapse the framework12.  Much research has been performed on rare earth 
exchanged zeolites and found that lanthanum exchanged zeolite Y (LaY) is of 
special interest13, 14.  LaY is more active than zeolite HY and has greater 
stability15.  During the 1980s, J. W. Roelofsenm and coworkers found that 
lanthanum within zeolite Y greatly inhibits dealumination of the framework 
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allowing for the preservation of active sites16.  This in turn provides greater 
activity for the zeolite catalyst17.  In order to better understand the increase in 
stability found in rare earth exchanged zeolite Y, it is important to understand the 
nature and location of lanthanum containing molecules within the zeolite 
framework.  The location is influenced by the lanthanum loading, silicon 
aluminum ratio (Si/Al) and temperature, the location of the lanthanum cation 
could be inside the super cage, sodalite cage, or hexagonal prisms (sometimes 
referred to as sodalite bridges).  La ions cannot enter the sodalite cages at low 
temperatures due to the small pore size.  However, if the temperature is increased 
beyond 60 degrees Celsius (which is common in industrial processes), the 
lanthanum ions begin to diffuse into the sodalite cages and hexagonal prisms18.  It 
is important to understand the position of La in the zeolite framework as this 
allows for improved understanding of the underlying principles governing the 
stability, activity, and selectivity caused by rare earth exchange19.  This leads to 
improved process design in oil refineries.  The location of the lanthanum ion is 
strongly influenced by the location of surrounding Al sites.  Louwen, and 
coworkers found that the aluminum contained in the zeolite framework (Si/Al = 
3) does not exist in the most stable configuration by comparing NMR calculations 
to experimental results20.  They proceeded to determine the most stable position 
for a La3+ ion within zeolite Y, in the presence and absence of water based on 
energetics calculations, and found that the cation was located at the I position 
which is inside the sodalite bridge10.  In 2011, Sch€ußler and coworkers examined 
the increased stability from lanthanum clusters held within the sodalite and 
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noticed additional stability for La cations in the supercage due to coordination 
with (OH)- groups in the clusters21.  Scherzer et al found that the unit cell size 
(based on XRD) decreases and framework vibrations shift towards higher 
frequencies proportionally to increased harshness of the thermal treatment.  This 
result is associated with structural collapse.  They find that this effect has a linear 
relationship with the amount of rare earth in the framework22.  Supporting this, 
Rees, et al found that the temperature required to collapse the framework found 
using differential thermal analysis moves to higher temperatures when there is 
rare earth exchange12. 
1.3 REY:  Infrared Spectroscopy 
 Much research was performed on REY utilizing IR-analysis23-25.  IR 
analysis is a process by which infrared light’s interactions with molecules is 
measured.  The absorption, emission and reflection provide insight into the 
adsorption of molecules and the species present in a sample26, 27.  In the case of 
LaY, this can help us to better understand the nature and location of lanthanum 
present in the zeolite framework as well as inform us of structural changes caused 
by thermal treatment.  IR vibrational peaks for zeolite Y were assigned in 1971 by 
Flanigen et al.28.  In 1986, Roelofsen et al. explain that the intensity of the stretch 
vibration peak around 790 cm-1 corresponds with the silicon aluminum ratio 
(SAR) and linearly with Al/(Al + Si) ratio.  This peak is ideal for determining the 
silicon aluminum ratio as it is less effected than other peaks by water 
concentration, types of cations contained in the framework, and cation type and 
content29.  The intensity of the IR peak found around 3747 cm-1 corresponds to 
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SiOH groups of amorphous silica alumina, the peak at 3743 cm-1 is assigned as 
terminal silanol groups associated with silica-aluminas rich in silicon, and the 
intensity of the 3730 cm-1 peak is found to correspond with terminal silanol 
groups on the crystal structure17, 30.  The peak around 3680 cm-1 is found to 
correspond with aluminum hydroxide species31, 32.  The bands around 3510 cm-1 is 
attributed to OH groups associated with rare earth species (3530 cm-1 is associated 
with lanthanum hydroxide groups).  It is found that as the ionic radius of the 
exchanged rare earth increases this band becomes narrower and sharper.  This 
effect is attributed as there only being one type of OH group associated with the 
rare earth cations17.  This group is the focus of this study and La species examined 
are La3+, (LaOH)2+, (La(OH)2)
1+, and clusters of La(OH)X groups.  Other potential 
structures (e.g. La2O3) are not analyzed here. 
1.4 REY:  Nuclear Magnetic Resonance 
Another useful characterization technique that is commonly employed is MAS 
NMR (Magic angle spinning nuclear magnetic resonance)33-36.  NMR was first 
described in 1938 by I. I. Rabi et al.  This technique disrupts nuclei in a strong 
magnetic field through the application of a weaker oscillating magnetic field, and 
the nuclei then respond by changing the population of spin-up and spin-down 
energy states and then sending out an electromagnetic signal.  This signal is 
focused and then displayed37.  This is possible since nuclei are electronically 
charged, and many have spin states and create a magnetic field.  When an external 
magnetic field is applied, an oscillating weaker magnetic field responds near the 
nucleus.  When this oscillating field has the same frequency as the nuclei’s 
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magnetization, resonance occurs.  The nuclei can gain energy and be excited to a 
higher energy state, the nuclei can then return to their original energy state which 
causes a signal emission matching the applied frequency.  To ensure that the data 
is independent of the spectrometer used, a standard is used to compare the signal.  
The data is processed by taking the frequency of the sample, minus the frequency 
of the standard, all divided by the frequency of the spectrometer.  This leaves a 
unitless measurement defined as parts per million or ppm, defined as the chemical 
shift.  One aspect that affects chemical shifts the most is the shielding effect 
defined as the electron shell generating an opposite magnetic field as compared to 
the applied one, thus reducing the effect applied at the nuclei.  Thus, a more 
electronegative nucleus will result in more shielding of the nucleus and thereby 
cause the chemical shift to increase (move toward lower fields).  In addition, a 
local positive charge will generally cause the shielding to decrease and lower the 
chemical shift (move toward higher fields)38, 39.  Unique peaks (x-axis chemical 
shift) depending on chemical species and environments then appear.  The higher 
the intensity of the peak the more of that species is present (or there are 
overlapping peaks)40-44.  NMR is a non-destructive technique, allowing for several 
analyses to be carried out on the same sample.  Another advantage of NMR is that 
it does not require much sample preparation and is easily reproduced by 
experiments45.  NMR provides insight into molecular environments allowing for 
better knowledge of which species are present in the sample and how much of the 
species exists46, 47. 
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Bejoy Thomas et al used NMR on LaHY to reveal Al peaks at 56.14 and -0.54 
ppm, these correspond with framework Al and octahedral Al respectively.  Five 
major Silicon NMR peaks are found for tetrahedral Si.  These peaks correspond 
with the number of Al species connected to the Si by one oxygen (Si – O – Al) 
and ranges from Si(0Al) to Si(4Al)48.  This is in good agreement with similar 
results for Si NMR from Klinowski J. et al during the 1980s20.  While NMR can 
help to determine the acid site locations, calculation of the deprotonation energy 
can provide insight into the relative strength of the acid sites. 
1.5 REY:  Deprotonation Energy 
Deprotonation energy (DPE) is a measure of acid strength and specifies the 
energy required to remove a given proton49, 50.  This is useful to obtain as it 
governs some reactions energy barriers based on proton location, however, the 
exact DPE of individual protons inside the zeolite framework can be difficult to 
obtain using physical experiments51, 52.  However, computational experimentation 
(using Density Functional Theory) allows for the determination of the DPE for 
any proton provided that an accurate model of the system can be generated.  In 
2013, Na Wang et al, determined the DPE for a large variety of protons in the 
zeolite HY framework in the absence of rare earth using computational methods50.  
The deprotonation energy is important for comparison between computational 
values and experimental estimates.  This comparison helps to determine the 
location and orientation of protons inside the structure as well as confirm the 




1.6 REY:  Atomistic Simulations 
Density Functional Theory (DFT) is a useful computational technique used by 
many scientists that allows for experimentation on systems without physically 
running the experiments10, 56-60.  This is especially useful when other 
characterization techniques cannot give a precise picture of what is happening 
inside of a system.  This is the case with rare earth exchanged zeolite Y.  To 
determine the exact location of lanthanum, computational data can be compared 
with experimental data, NMR being of special interest.  When the two systems 
(real and computational) give similar results, the simulated system becomes 
representative of the physical samples.  Density Functional Theory is a more 
recent development, having its origins date back to the 1900s, and even then it 
was not strongly implemented until after 1990 due to issues with accuracy and 
computational efficiency61, 62.  In 1965, an early DFT model, titled after its 
creators, Kohn–Sham DFT was formulated63.  The idea behind DFT programs is 
to approximate the Schrödinger64, 65 and Dirac66-68 equations using quantum 
mechanical theories.  The computation is simplified and made possible by 
calculating properties as functionals of electron density69, 70.  Some of the earliest 
density functional approximations were carried out by Fermi and Thomas, though 
they did not refer to it by this terminology71, 72.  Practical applications of DFT 
computations were enhanced using the simplification of the Hartree–Fock73, 74 
method as proposed by Slater in 1951 in the publication “A Simplification of the 
Hartree-Fock Method”75.  The addition of exchange-correlation energy gradients 
during the 1980s allowed for considerable improvement of computational 
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accuracy76-78.  Accuracy was further enhanced by the calculation of the second 
derivatives of electron density.  These advances in computational chemistry have 
a negligible effect on computational expense (time required to run a calculation) 
and a significant decrease in inaccuracy79-81.  Density functional theory became 
even more accurate with the introduction of hybrid functionals.  Hybrid 
functionals are approximations made using both the exact exchange from the 
Hartree-Fock Method73, 74 and exchange correlation energy gradients82-85.  Hybrid 
functionals were not without a downside.  In exchange for greater accuracy, 
computational time was increased86.  Today simulation packages that allow for 
DFT calculations of energy and chemical shifts have become more popular.  One 
such simulation package is named VASP (Vienna Ab-initio Simulation Package).  
With its origins dating back to the late 1980s VASP can run energetics (or 
stability calculations) calculations which find the lowest energy for the structure.  
It can also run NMR and IR simulations providing the chemical shift and 
quadrupolar moments87.  VASP is used by many researchers and is considered to 
be an accurate DFT simulation package88-93.  VASP is utilized in this study to 
examine lanthanum exchanged zeolite Y. 
1.7:  Research Goals 
Previous studies have provided insight into the properties of rare earth 
exchanged zeolite Y but have not yet provided a detailed account regarding the 
exact location and hydroxide coordination of lanthanum cations.  The protons 
connected directly to oxygen atoms bonded with La species are of particular 
importance for increasing structural stability and potentially increasing the 
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number of active sites available in zeolite Y.  In this work, we applied DFT 
calculations to determine the most stable position and number of hydroxide 
groups bonded with the lanthanum ion, using VASP for all calculations whilst 
considering Van der Waals interactions.  Lanthanum clusters are included in the 
discussion and their stability is compared with that of single lanthanum ions.  The 
deprotonation energy and proton chemical shifts are found and compared; 
however, no clear correlation was found between the two. 
Chapter 2:  Computational Methods 
 Computations for this DFT study were performed using the PBE (Perdew, 
Burke, Ernzerhof) functional on zeolite Y utilizing VASP94.  Van der Waals 
interactions were included using the DFT-D3 method.  Unit cells were optimized, 
allowing them to change, to account for unit cell expansion caused by the addition 
of La species59, 90, 95.  A SAR (Silicon Aluminum Ratio) of 3 is used for this study 
as this is a common ratio in experiments and industry10, 96.  Calculations involving 
thermodynamic stability were performed considering an energy difference of 10-6 
eV to be converged.  The KPOINTS was set to 3x3x3 to sample the Brillouin 
zone. 
2.1 Aluminum Positions:  Stability Calculations 
In a study by Louwen and coworkers10, a rhombohedral primitive cell was 
used to represent a quarter of the cubic unit cell of zeolite Y due to the face-
centered symmetry. We adopted the initial form from this study and then further 
relaxed the structure using the aforementioned settings.  Optimization of Zeolite 
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Y (SAR = 3) to determine the lowest energy state were first performed to 
determine the most probable and most stable structure.  The rhombohedral cell 
consisted of 48 T sites of which 12 were occupied by Al atoms.  Stability 
calculations were carried out for three structures, 3333, 4332, and 6600 with the 
unit cell size being optimized for minimum energy as well.  The sequence of 
numbers 3333, 4332, or 6600 refers to the number of aluminum atoms contained 
in each sodalite bridge.  Each bridge is made up of two of the following six 
membered rings (ignoring oxygen atoms) see Figure 3. 
 
Figure 3.  Aluminum distributions in six-membered ring environments.  Orange and blue atoms 
represent Al and Si respectively.  Oxygen atoms are not shown, simplifying the figure. 
The Loewenstein’s rule of avoiding Al-O-Al linkages was followed for placement 
of Al atoms97.  Some violations to this rule have been recorded; however, these 
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orderings only occur in theoretical and very special cases98-100.  Figure 4. shows 
the positions of sites within the framework (Figure 4.a) and the unit cell used for 
this study (Figure 4.b). 
 
Figure 4.  a)  Representation of the unique ion exchange positions found in zeolite Y.  These are 
the proposed locations of La in zeolite Y structures. 
b)  Unit cell of zeolite Y (4332) used for calculations with emphasis on the clearest sodalite 
bridge.  Blue atoms are Si and orange are Al.  Oxygen atoms are omitted for simplification of the 
figure.
2.2 Aluminum Positions:  NMR 
Chemical shift calculations were run using the linear response method101, 
102.  The linear response method, also referred to as density functional 
perturbation theory (DFPT), applies a perturbation to the system.  In this study the 
perturbation is a magnetic field used to simulate the conditions experienced 
during experimental NMR.  The chemical shift is then calculated allowing for 
comparison with results from physical samples103.  For direct comparison the 
number of Al atoms adjacent to each Si atom were counted thus generating five 
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groups or NMR peaks (0 – 4 nearby Al).  The average Si chemical shift was 
calculated for each of these groups and then plotted using a gaussian distribution.  
The graphs were used to compare the structures to previous studies20, 48, 104 and the 
4332 structure was selected, as this was the most similar to results from physical 
studies, and thus was used for the remainder of the calculations to save on 
computational expense.  Chemical shifts were referenced to methane (for 
hydrogen), and tetramethyl-silane (for silicon). 
2.3:  Lanthanum 
Next La(OH)x (x ranged between 0 and 2) was tested at each of the seven 
unique ion exchange positions within zeolite Y.  For each position La(OH)x was 
placed into the structure and a corresponding quantity of protons removed from 
nearby aluminum sites to balance the charge.  For La(OH)2, one proton was 
removed, while for La three protons from nearby Al sites were removed.  These 
structures were optimized, and their energies compared using the following 
formula where x is the number of hydroxide groups bonded with La. 
𝐸𝑅 = 𝐸𝐿𝑎 − 𝐸𝑌 − 𝐸𝐿𝑎(𝑂𝐻)3 + (3 − 𝑥)𝐸𝑤 
Where ER is the relative energy used for comparison between structures. 
ELa is the energy of the optimized structure including lanthanum, 
EY is the energy of the 4332 structure before La-exchange, 
ELaOH3 is the energy of La(OH)3 in a vacuum, and 
Ew is the energy of a water molecule in a vacuum. 
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Following this, clusters of two and three La cations, La2(OH)3 and La3O5H4 
respectively, were optimized both inside the sodalite cage and within the 
supercage.  The relative energy of clusters is divided by the number of La ions so 
that a comparison may be accomplished.  NMR calculations were performed for 
all these structures (sites I – U and cluster models) and chemical shifts obtained 
by referencing proton shifts to methane in a vacuum.  A shift towards higher 
fields (more negative chemical shift) was expected for Silicon atoms nearby 
charge balancing aluminum sites.  This is because with the removal of the nearby 
proton the positive charges are further away from the silicon nucleus thus 
resulting in more shielding which causes the chemical shift to move towards 
lower values.  The proton chemical shift for framework hydrogen nearby the 
lanthanum cation was expected to increase since the addition of the nearby 
positive charge will result in less shielding by the electrons thereby causing a 
higher chemical shift to be observed.  The deprotonation energy (DPE) was also 
calculated for protons connected with lanthanum cations for the most stable 
structures at each of the ion-exchange positions as well as for the lanthanum 
clusters.  This was done by removing the proton in question and reoptimizing the 
structure.  The value was obtained using the following formula. 
𝐷𝑃𝐸 = 𝐸𝐿𝑎 + 𝐸𝐻+ − 𝐸−𝐿𝑎 
ELa is the energy of the optimized structure including lanthanum as above, 
EH+ is half of the energy of a H2 molecule (energy of a hydrogen atom), and 
E-La is the energy of the reoptimized structure with a proton removed. 
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Chapter 3:  Results and Discussion 
3.1:  Zeolite HY Stability 
 Aluminum positions were directly compared with one another as shown in 
Table 1.  The relative energy shows that the 3333 structure is the most 
thermodynamically stable, followed closely by 4332 and then by 6600.  The unit 
cell size for the 3333 structure is 24.834 Å.  Our calculated value is similar to an 
experimental value of 24.6 Å which was also measured with a SAR equal to three.  
In order to be certain, we calculated the total energy once more using the hybrid 
functional, this reduces error caused by charge delocalization, and find the trend 
endures.  A previous DFT study found that the 6600 structure was the most stable 
followed by 4332 and then by 3333, which is the reverse order from this study10.  
We believe this difference to be the result of the detailed computational methods, 
and think that the structure with an even distribution of Al, the 3333 structure, 
should be the most stable of the three as a result of containing more delocalized 
charges, while the Al clumping of the 6600 structure leads to energy penalties for 







Table 1.  Relative energies with respect to the most stable structure and optimized unit cell sizes 
(Angstroms) for each arrangement of aluminum atoms. 
Distribution of 12 Al 
Relative Energy 
(kcal/mol) Unit Cell Size 
Zeolite Y 6600 33.52 23.817 
Zeolite Y 3333 0 24.834 
Zeolite Y 4332 5.50 24.836 
 
Though the 3333 arrangement is the most thermodynamically stable, this does not 
necessarily mean that it is the arrangement that occurs.  Formation of the zeolite 
Y structure is not driven by only thermodynamic stability, but also by kinetic 
growth.  The formation of the zeolite HY structure could cause Al atoms to be 
placed in a different arrangement if the kinetics of the process overcome the 
thermodynamic tendency towards minimum energy106-108.  In order to determine 
the most realistic organization, chemical shift calculations for silicon are 
compared to results from NMR carried out on physical samples of zeolite HY. 
3.2:  Zeolite HY NMR 
NMR spectra obtained for zeolite Y are shown in Figure 5.  Reading the 
peaks from right to left, the first peak is for Si with four Al neighbors (only seen 
in 6600), the second is associated with three Al neighbors, the third with two, the 






Figure 5.  NMR Spectra.  The first is a result from Klinowski’s 1982 publication20.  The other 
three spectrum were generated using a gaussian distribution of the results from this study. 
Upon comparation of the three HY NMR spectra with the results from 
Klinowski20, Pablo García109, and Melchior104, we find that the 4332 structure best 
matches the experimental NMR data (Figure 5).  Therefore, the 4332 structure is 
used for the lanthanum calculations as this is the most realistic arrangement of 
aluminum atoms.  This agrees with Louwen’s conclusion for the most likely 
organization of Al atoms10.  The most likely organization is not the only 
arrangment that will occur in a real sample, but it is the most common.  It is worth 
noting that the 4332 structure is only slightly less stable than the 3333 structure.  
The non-uniform placement of Al resulting in the 4332 structure is likely the 
result of the complex processes that occur during the synthesis of zeolite Y 
causing thermodynamic equilibrium to never be fully reached.  The sodalite 
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bridges contained in the 4332 structure can be seen using Figure 6 as it can be 
difficult to distinguish sodalite bridges from the unit cell. 
 
Figure 6.  The four sodalite bridges that construct the 4332 zeolite Y environment.  Orange and 
blue atoms represent Al and Si atoms respectively.  Oxygen atoms are omitted.  Note that the rings 
with three Al atoms are identical, just oriented differently for emphasis. 
3.3:  Zeolite LaY Stability 
 Proceeding with the 4332 arrangement of Al to represent zeolite Y with a 
SAR of three, the calculations are continued by positioning lanthanum in each of 
the seven unique sites shown in Figure 4.  Table 2 compares the stability of each 
site to one another.  According to computations, low amounts of bare La3+ should 
show preference to site I, located in the center of the sodalite bridge, which is 
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consistent with findings from Louwen and coworkers for La3+ without water 
coordination 10.  For site I, the three positive charges of La are stabilized by the 
negative charges of Al species in the framework on the sodalite bridge.  The next 
most stable single La structure is LaOH at the I’ position, located just above the 
sodalite bridge going into the sodalite cage.  The positive charges are balanced by 
one OH group attached to La and by negative charges induced by two Al sites.  
The stability at site II is very low.  Lanthanum with only one OH group cannot 
exist at site II (in the hexagonal window between the sodalite cage and 
supercage).  This is due to the direction of the OH group forcing the LaOH to 
move to either II’ or II’’.  The only form of the La(OH)X that could occupy this 
site was La(OH)2 since it could point OH groups in opposite directions, (one 











Table 2.  Relative energies comparing the most stable configuration at each site, including clusters 
both inside and outside the sodalite.  The energy of the clusters is divided by the lanthanum count. 
Site Type Relative Energy (eV) 
I La -3.36 
Iʹ LaOH -3.22 
II La(OH)2 -1.58 
IIʹ LaOH -2.42 
IIʹʹ LaOH -2.95 
III La(OH)2 -2.86 
U LaOH -2.28 
Sodalite Two Cluster -3.39 
Sodalite Three Cluster -2.09 
Super Cage Two Cluster -2.87 
Super Cage Three Cluster -2.38 
 
Clustering with two La in the sodalite cage is preferred over distribution over two 
sites.  The value per La is -3.39 eV and is more stable than -3.36 eV for isolated 
La3+ at site I located in the middle of the sodalite bridge (sometimes referred to as 
hexagonal prism).  Increasing to a cluster of three La species, produces a 
formation energy of -2.09 eV.  The stability is reduced.  This is likely the result of 
limited space inside the sodalite cage.  This forces the large cluster to be closer to 
the walls, causing a decrease in stability.  However, clustering with three La in the 
sodalite is preferred over site II.  Clustering within the super cage should not 
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occur except when La is highly loaded, thus filling the most stable arrangements 
causing the clusters to be more stable.  Clusters of three are generally not 
preferred due to their size and a general lack of Al sites available for charge 
balancing.  LaOH is the most stable configuration at four of the seven unique sites 
due to their being plenty of Al sites to balance the charge.  La3+ was less stable at 
most sites than LaOH or La(OH)2 due to a lack of three nearby Al sites to even 
out the charge.  However, at the I position, located in the center of the sodalite 
bridge, there are enough close by sites to balance the charge which resulted in 
increased stability.  Included below are the 11 sites described in Table 2. 
__________________________________________________________________ 






Figure 8.  Most stable structures for ion exchange positions II, II’, and II’’ respectively.  Note that 





Figure 9.  Most stable structures for ion exchange positions III and U respectively.  U gravitates 







Figure 10.  Most stable structures for La in clusters of two, both inside the sodalite cage and 





Figure 11.  Most stable structures for La in clusters of three, both inside the sodalite cage and 
within the super cage. 
3.4:  Zeolite LaY NMR and DPE 
 Lanthanum species inside the zeolite pores, introduces new proton species.  
Without La, proton chemical shifts at the Bronsted acid sites are found between 




Figure 12.  Deprotonation energy versus chemical shift in the 4332 structure in the absence of 
lanthanum species. 
These shifts are comparable with findings from previous reports110.  At the most 
stable position I, which is inside the sodalite bridge, the chemical shift of the 
protons in the system remains nearly unchanged.  It is worth noting that at the 
second most stable position, the proton chemical shift for the hydrogen 
coordinated with La is 6.84 ppm which is a greater downfield shift than a 
Bronsted acid site proton.  This is true of not only site I’, but of all LaOH 
containing species.  We observe that the chemical shift for all hydrogen directly 
connected to La has a chemical shift between 6.2 and 7.7 ppm.  This downfield 
shift can be explained by assigning it to lanthanum’s localized positive charge, 
















Chemical Shifts vs DPE in 4332 Structure
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Figure 13.  LaOH at site I’ and La(OH)2 at site III with some proton chemical shifts labeled.  
Chemical shifts are given in ppm.  In the second figure, the proton with a chemical shift of 11.56 






Table 3.  Proton chemical shifts for the structures exchanged with lanthanum.  Shaded values are 
protons connected with the La cation. 
Proton Chemical Shifts (ppm) 
 
I I' II II' II'' III U 
H# La LaOH La(OH)2 LaOH LaOH La(OH)2 LaOH 
1 3.71 6.84 4.66 7.10 6.26 6.80 7.59 
2 3.73 3.73 5.39 3.87 3.94 3.38 3.93 
3 3.57 3.77 3.81 3.68 3.69 3.77 3.72 
4 3.60 3.36 3.74 3.39 3.36 3.60 3.30 
5 3.68 3.61 3.41 3.74 3.74 3.40 3.70 
6 3.54 3.68 3.63 3.78 3.76 3.63 3.51 
7 3.85 3.55 3.74 3.53 3.54 11.56 4.28 
8 3.59 3.84 3.61 3.91 3.86 3.38 3.86 
9 3.46 3.60 4.00 4.11 4.14 3.85 4.19 
10   3.96 3.52 3.74 3.75 3.44 3.65 
11   3.36 3.56 4.09 3.90 3.59 3.83 
12     3.76     3.78   
13     3.31     3.33   
 
The chemical shifts of Si are shown in Figures 14 through 16 for all of the single 


























































































































Figure 16.  Si NMR spectra for sites III and U.  Si shifts are referenced to tetramethyl Silane. 
The Si NMR spectra shifted to the right for all La containing structures.  Si 
attached to Al groups that participate in balancing the La charge shift to more 
negative, lower, values while other Si near the La cation shift towards more 
positive, higher, values.  While LaOH always has the smallest shift to the right, 
the peaks for La and LaOH become similar for the peak associated with two Al 
neighbors.  To the right of that peak La has the greater change in chemical shift 















































with a lower Al neighbor count are more affected by the presence of La(OH)2 and 
silicon sites with more Al neighbors are effected to a greater degree by bare La3+ 
cations.  This can be attributed to La3+ cations not interacting as much with sites 
near only one or two Al but tended to interact more with three Al connected with 
Si.  Whereas, the La(OH)2 has interactions with Si even if there is not an adjacent 
Al due to the hydroxide groups increasing its overall size.  One dissenting 
publication from 2009, using Si MAS NMR, found that upon steam treatment of 
LaY structures at 800 degrees Celsius, the peaks for zero Al neighbors increases 
significantly and the peaks for two and three Al neighbors decrease.  The effect is 
even greater for higher La loadings109.  This appears to be in direct disagreement 
with the knowledge that La provides increased stability.  The reason they see this 
result is due to the use of Si MAS NMR on zeolite Y.  In this study, we found that 
a silicon next to one Al site, Si(1Al), will have a comparable Si chemical shift to 
silicon with no Al neighbors, Si(0Al).  This occurs when the aluminum is 
balancing a charge from a La species.  The reason they see more dealumination is 
because higher La loading causes Si chemical shifts to move towards lower 
values, thus appearing as if Al neighbors have been reduced.  To further observe 
the effect of La on Si chemical shifts plots were generated comparing distance 




Figure 17.  a) The x-axis is the distance from the lanthanum cation at site I (La3+) measured in 
Angstrom.  The y-axis is the difference in the Si-chemical shift betqeen the 4332 structure in the 
absence of La and the 4332 structure with La3+ at the I position (located in the center of the 
hexagonal prism).  b) The x-axis for the second graph is the distance of Si atoms from the Al sites 
balancing the charge caused by La.  There are three Al sites for this structure, this distance is 
calculated by averaging the distance of Si from all of these Al. 
Figure 17.a reveals that the position of the La cation is not directly responsible for 
the change in Si-chemical shift, while Figure 17.b shows a potential trend where 
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the shift is less affected the further away it is from Al atoms that are balancing the 
charge caused by La.  The trend is more clear in the case of La(OH)2 at site III (as 
shown in Figure 18), located inside the supercage, since there is only one Al atom 
required to balance the charge thus allowing for a less complex system. 
 
Figure 18.  The x-axis is the distance of Si atoms from the charge balancing Al.  The y-axis is the 
difference in chemical shift between the 4332 structure before La and the 4332 structure 
containing La(OH)2 at the III position, located inside the supercage. 
 A higher downfield proton chemical shift does not necessarily mean that a 
given proton is more acidic.  DPE (deprotonation energy) is a more intrinsic 
measure of acidity.  The DPE values were calculated for hydrogen atoms 
connected to La for the most stable structures at each position within the unit cell.  
As can be seen in Figure 19, the chemical shift and deprotonation energy are 
generally higher for protons connected to lanthanum molecules.  There was not 
any noticeable difference in DPE/Chemical shift between clusters with two or 




Figure 19.  Chemical shift (ppm) plotted against DPE (eV).  The red circles are for the 12 protons 
contained in the 4332 unit cell without La.  The yellow triangles are the protons contained in the 
OH- groups bonded with La, only the structures in Figure 3 are considered.  The squares are the 
hydrogens attached to lanthanum groups held within the sodalite for both two and three La. 
There was no direct correlation between DPE and proton chemical shifts found 
for this system.  This means that the acid strength of protons in the framework is 
not only the result of electronic shielding caused by the presence of Al and La 
species but is dependent on another unknown factor, such as the effective charge 
on the protons.  In order to determine this, further calculations must be performed, 
for charge analysis and for specific reactions to visualize the effect of La cations 






Chapter 4:  Conclusions and Future Work 
 This study has found that the 3333 arrangement of Al sites is the most 
stable.  Despite this, the 4332 structure is the arrangement that occurs in practice 
as seen through comparison of NMR peaks.  Position I, located in the center of 
the hexagonal prism, was found to be the most stable lanthanum position for La-
exchanged zeolite Y.  Lanthanum clusters of three have reduced stability 
compared to lanthanum cations scattered to the more stable positions.  However, 
clusters of two lanthanum cations contained in the sodalite are preferred over all 
other orientations.  Si-chemical shifts move to higher values with the addition of 
La.  A trend was found correlating the distance of Si from charge balancing Al 
sites to Si-chemical shift.   Figure 12 shows that no direct correlation exists 
between the DPE and proton chemical shift.  The location of lanthanum and 
number of bonded OH groups are likely similar for cerium exchanged zeolite Y 
since they have a similar stabilizing effect and negative charge48.  Clusters of four 
or more La will likely be less stable than two lanthanum since it is at a minimum 
(stability increases from one to two and then decreases upon addition of the third 
La). 
Further characterization of the LaY structure would provide more insight 
into stabilizing effects as well as acid site density.  It would be of interest to 
elucidate the location and nature of EFAL species and how they interact with La.  
We do not know whether the EFAL sites will draw La species to them, nor do we 
know how active these La species would be if they were coordinated with extra 
framework aluminum.  Another point requiring clarification is in regards to the 
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acid strength of lanthanum OH groups.  From the DPE results these groups are 
shown to be weak Bronsted acid sites, however, these species may have the 
capacity to act as strong Lewis acid sites.  Though no trend was found between 
DPE and proton chemical shift, a trend is expected to be found between the Bader 
and the proton chemical shift, since the Bader charge is a measure of the electron 
cloud and chemical shift measures the electron field.  Further experimentation 
needs to be performed in order to better understand the process by which catalytic 
activity is increased, DFT simulations of specific reactions can be prepared using 
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Appendix A:  Details of the INCAR Files 
A.1:  Stability Calculations 
    PREC   = NORMAL  
    EDIFF  = 1e-6 
    GGA    = PE 
    LREAL  = Auto 
    ALGO   = FAST 
    ENCUT=   500 
    NSW    = 500 
    NELM   = 40  
    IBRION = 2  
    EDIFFG = -0.02 
    POTIM  = 0.5  
    ISIF   = 3 
   ISMEAR = 0  
   SIGMA  = 0.2 
   IVDW  = 11 
A.2:  Chemical Shift Calculations 
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    PREC   = A 
    EDIFF  = 1e-8 
    GGA    = PE 
    LREAL  = Auto 
    ALGO   = FAST 
    ENCUT  = 600 
    NSW    = 0 
    NELM   = 40 
    IBRION = 2 
    EDIFFG = -0.02 
    POTIM  = 0.5 
   ISMEAR = 0 
   SIGMA  = 0.1 
   IVDW  = 11 
   LCHIMAG = .TRUE. 
   DQ = 0.001 
   ICHIBARE = 1 
   LNMR_SYM_RED = .TRUE. 
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Appendix B:  Raw Data 
Table B1.  Number of Si with 0, 1, 2, 3, or 4 Al neighbors for structures 6600, 4332, and 3333 
compared to results from Klinowski’s research. 
Al Neighbors 0 1 2 3 4 
6600 16 8 0 8 4 
4332 5 15 15 1 0 
3333 8 10 16 2 0 
Klinowski A20 4 16 16 0 0 
 
 
Table B2.  Energetics of each Al orientation accompanied by the optimized unit cell size. 




(kcal/mol) Unit Cell Size 
Zeolite Y 6600 1.4574 33.5202 23.8173 
Zeolite Y 3333 0 0 24.8336 




Table B3.  Energetics of each site with each hydroxide coordination.  N/A is for sites that, when 
the energy was optimized, migrated to another site as a result of instability. 
Sites LaOH2 LaOH La 
I -2.32 -2.79 -3.36 
I' -3.18 -3.22 -1.96 
II -1.58 N/A N/A 
II' -2.23 -2.42 -1.73 
II'' -2.02 -2.95 -1.93 
III -2.86 -2.28 -0.58 
U -1.83 -2.04 -0.88 
 
